Semi-conservative DNA synthesis is observed when the isolated, folded E. coli chromosome is supplemented with a DNA-free, soluble enzyme fraction, the four deoxynucleoside 5'-triphosphates, ATP, and Mg++. The DNA synthesized in vitro remains associated with the folded chromosome during sedimentation through neutral sucrose, but is released as small DNA fragments in alkali. Sealing of these replicative intermediates to the chromosome requires the presence of both E. coli DNA polymerase I (EC 2.7.7.7) and DNA ligase (EC 6.5.1.2).
Study of the replication of Escherichia coli DNA has been complicated both by the need for coordinated interplay of many enzymes and by the fragile nature of the template. For these reasons E. coli DNA replication has not been successfully reconstructed in solution. DNA synthesis observed in cell-free extracts (1) (2) (3) (4) (5) (6) (7) represents catalytic actions of the DNA polymerases (1, 5, (7) (8) (9) (10) , but lacks many of the important features of replication. Moses and Richardson (11) showed that E. coli cells rendered permeable by toluene to low-molecular-weight precursors are able to replicate their DNA; however, the cells remained impermeable to proteins and thus to fractionation and dissection of the enzymatic steps of replication. Schaller et al. (12) demonstrated that replication could proceed in cells lysed on cellophane discs; however, this system appears to require the tight complex of macromolecular components of the bacterial cell, rendering its fractionation extremely difficult.
We were encouraged to attempt the replication of DNA in a soluble system by two recent advances. First, a special highspeed supernatant from gently lysed cells (13, 14) has been shown to contain the active gene products (14, 15 ) defined genetically to be essential for E. coli DNA synthesis (the dnaA, B, C, E, and G proteins) (16) as well as other replication
proteins not yet defined by genetic lesions (17) . Second, a method has been developed whereby E. coli spheroplasts yield a nonviscous preparation of intact, folded, and supercoiled chromosomes (18, 19) .
These isolated folded chromosomes behave like compact particles, and sediment either as free, folded chromosomes at 1300-2200 S or at 3000-4000 S in a membrane-attached form (20, 21) . The physical properties of these extracted particles vary with the cell's physiological state: replicating chromosomes isolated at 10°-15°in 1 M NaCl remain associated with the bacterial envelope, whereas nonreplicating chromosomes are released membrane-free (20) . The size distribution of the chromosomes also reflects their growth during replication (19) .
The exploitation of these techniques has allowed us to demonstrate and characterize the unique DNA synthesis that occurs when the folded chromosomes are combined with a DNA-free, soluble enzyme system. As reported below, this DNA synthetic reaction contains many of the features embodied in in vivo chromosome replication. mercaptoethanol, 1 mM EDTA, and 5 mM MgCl2. The white, opalescent band at the center of the tule (see Fig. 1 ) was carefully removed with a wide-bore pipet and was assayed immediately for DNA synthesis. Storage for periods greater than one-half hour led to rapid loss in the ability of the folded chromosomes to support DNA synthesis. 14C labeled chromosomes were prepared as described above except that the M9 medium contained .5 MAg/ml of thymine and 10 MACi of [14C]-thymine (New England Nuclear Corp.).
Preparation of Hybrid Density DNA. Cells (100 ml) were grown with 10 MACi of [3H]thymine (New England Nuclear Corp.) to OD600 = 0.250, filtered, resuspended in M9 medium containing 20 ug/ml of 5-bromodeoxyuridine instead of thymine, and incubated for an additional hour with aeration, in the dark at 37°. Cells were concentrated 20-fold and the DNA extracted with Sarkosyl and protease as previously described (22 Properties of the Reaction. Folded chromosomes did not catalyze the synthesis of DNA. However, when supplemented with a soluble enzyme fraction l)rel)ared from gently lysed cells, the chromosomes supported a rap)i(l burst of synthesis (Fig. 2) . Incorporation of deoxyntucleotidles, which l)roceeded for ap)proximately one-half hour, required the enzyme fraction and chromosome template (Fig. 2) , both of which are thermolabile ( Table 1 ). The lability of the template preparationI may be (lue to instability of the DNA structure or a protein component. or both.
The rate of synthesis was lproportionaal to additions of the enzyme fraction and template (Fig. 3) Spermidine (4 mMI) had no effect on either the rate or extent of DNA synthesis, but the folded chromosome preparation may have retained sufficientl amountss of spermidine added in the lysis procedure. In the absence of added spermidine the chromosomes unfold and the incubation mixture becomes viscous. Thus, maintenance of the folded state depends on the presence of a(l(le(1 spermidine. As shown in Fig. 4 , incubation with the enzvme fraction under the standard assay conditions (4 mMA spermindine) does not affect the sedimentation behavior of the folded chromosomes.
Characterization of the Product. The DNA synthesized in vitro has been characterized by zonal sedimentation in neutral and in alkaline sucrose. The reaction l)rodluct remains assoeiate(l with the folded chromosomes under conditions of neutral sedimentation (Fig. 4) Table 1 ) or extent of the in vitro incorlporatioin (with or without DNA ligase). However, both Pol T a(Id liga se weere essential for the sealin-g of the small 1)NA fragoments. Early ineorl)oratioi into high-molecularweight single-stranded DNA was observed with ligase acton (Fig. 6A) w7hereas only slow-sedimenting DNA accumulated when ligase action was inhibited by NMIN (Fig. 6B) . Colnditions of (centrifugation were as described in Fig. I except that the alkaline gradient (3.0 ml) was layered over (1.13 ml of a 3f)0% (v/vv) Angio-Conrav-70Wi sute-rose mixture, covered with 0. Evidence that the folded chromosomes are supercoiled has indicated that they remain largely unperturbed by their isolation (19) . The (Fig. 4) suggests that these enzymes retain their in vivo specificity toward the chromosome.
We do not know whether the compact state of the folded chromosome is important for its in vitro replication. The visible unfolding of the chromosomes during incubation in the absence of added spermidine does not appear to affect synthesis; however, the increase in viscosity observed may reflect the complete relaxation of a small proportion of the folded chromosomes or the unfolding of several discrete loops (19) , neither of which need affect the regions of replication. On the other hand, the shut-off of synthesis may be due to structural decay in the region of the replication fork that is undectable by sedimentation analysis (Fig. 4 ). An understanding of the role of DNA tertiary structure in replication must await more information about the nature of the replication fork and the properties of the enzymes active in this region.
The template used in all our studies was the membraneattached form of the chromosome (20) . The membrane-free chromosome is relatively unstable and we have not been able to isolate it (in the absence of 1 M NaCl) at the high DNA concentrations required for our assays. Therefore, the role, if any, of the bacterial membrane in DNA replication cannot yet be ascertained.
Schaller et al, (12) have shown that replication in vitro reflects its in vivo sensitivity to nalidixic acid, mitomycin C, ultraviolet light and dna temperature-sensitive mutants (16) . We have observed a 4-fold inhibition of in vitro DNA synthesis by nalidixic acid (40 MAg/ml). Experiments to assess the role of the dna gene products are now indicated.
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